The power conversion efficiencies of organic photovoltaic (PV) cells have steadily increased since the introduction of the donor/acceptor (DA) heterojunction.
The power conversion efficiencies of organic photovoltaic (PV) cells have steadily increased since the introduction of the donor/acceptor (DA) heterojunction. [1] Further improvements have been reported in entangled or "bulk-heterojunction" (BHJ) structures, where the DA interface is within an exciton diffusion length (∼10 nm) of the site for photon absorption. [2] However, the high series resistance [3, 4] of these amorphous blends limits the active layer thickness, leading to low fill factor and reduced light absorption, and hence a low solar energy conversion efficiency. [5] One means to circumvent the low mobility of charge in disordered organic films has been the use of inorganic semiconductor "quantum dots". [6] These nanocrystals serve as charge generation sites that, when loaded into a polymer film at high density, can form a high conductivity percolating path to extract photogenerated charge from the device active region. Unfortunately, the mismatch in optical and excitonic properties between the quantum dots and the polymer matrix has limited PV cell efficiencies of photovoltaic cells based on these materials. In this work, we demonstrate that controlled crystallization of organic molecules results in a PV cell in which the active layer comprises a nanocrystalline organic region that forms high conductivity networks for charge extraction. This cell shares many of the benefits of organic/inorganic quantum dot cells as well as all-organic bulk heterojunctions without many of their disadvantages. Structural analysis confirms the existence of crystalline phases of the constituent donor molecule, copper phthalocyanine (CuPc), and the acceptor, C 60 . The new device architecture results in a three-fold increase of power conversion efficiency over that of an efficient planar HJ solar cell control.
To reduce cell series resistance in the organic BHJ it is necessary to create morphological order that leads to a low resistance to charge conduction, lacking bottlenecks or islands that impede carrier extraction. Indeed, spatial ordering induced by vertical phase separation led to increased charge collection in organic/inorganic quantum dot hybrid cells from 1.7 % [6] for a disordered cell to 2.8 %. [7] For this reason, we recently reported organic solar cells with an ordered, interdigitated DA interface formed by crystalline donor protrusions and a planarizing acceptor layer, grown by the process of organic vapor phase deposition (OVPD). Control of organic film crystallization and morphology resulted in a low resistance, ordered, interdigitated interface that, when employed in solar cell structures, led to significantly improved efficiency over otherwise identical planar HJs. [8] Such an interface, however, does not increase efficiency for the materials with large exciton diffusion lengths, e.g., C 60 , where the finite protrusion size and density do not lead to increased exciton dissociation. [9] In the current work, we have expanded the DA crystalline interface concept into an extended bulk, highly interconnected and entangled interpenetrating network. This concept employing a thicker DA region significantly increases the HJ interface area while maintaining crystalline regions that effectively conduct charges to the opposing electrodes of the cells. This architecture opens up a range of possibilities for attaining high efficiency organic PV cells, including the mixing of three or more organic constituents in a single active region to provide full coverage of the solar spectrum. The nanocrystalline network relies on the growth of ultrathin, alternating layers of the D and A molecules such that any given layer does not fully cover the layer that lies below. Incomplete coverage results from a combination of lack of surface wetting, and control of film morphology and crystalline texture using OVPD (see Experimental).
The growth of nanocrystalline DA networks was simulated by including gas phase molecular transport, surface diffusion, and re-evaporation back into gas phase, [10] with results shown in Figure 1a . Periodic boundary conditions apply in both inplane directions. Organic molecules randomly originate far from the substrate in the gas phase, and diffuse toward the substrate. Upon reaching a solid surface, the admolecule diffuses on the solid film surface, where the jumping rate be-tween two sites, i and j, is determined by the site energy E i and E j as [10] 
Here m is the lattice vibration factor and
The site energy, E i , is the sum of van der Waals interactions between the admolecule and all proximal neighboring molecules. The interaction energies between nearest neighbors are taken as 0.867 eV (CuPc -CuPc), [11] 1.5 eV (C 60 -C 60 ), [12, 13] and 0.044 eV (CuPc -C 60 ), [14] respectively. Since the interaction between like molecules is much larger than the interaction between unlike molecular pairs, similar molecules tend to aggregate. The simulated growth of the network begins on a continuous layer of CuPc on a transparent conductive substrate, e.g., indium-tin-oxide (ITO). Then a thin layer of C 60 is deposited on top of the underlying, continuous CuPc layer.
The aggregates in the C 60 layer do not provide a full coverage of the underlayer, leaving part of the CuPc exposed. A second, thin CuPc layer is then deposited, partially covering the C 60 layer with portions of the second CuPc layer directly contacting the first, continuous CuPc layer. By continuously alternating the deposition of C 60 and CuPc, 3D interpenetrating nanocrystalline networks of C 60 and CuPc are formed. The growth simulation indicates a monotonic increase of the interface area as the number of alternating DA bilayers is increased. As shown in Figure 1a , the final interface area in a nanocrystalline cell with 6 C 60 /CuPc pairs is 11 times that of a planar interface. The root mean square (rms) surface roughness of the nanocrystlline films also increases, and reaches a maximum of approximately 4 nm. The final step is the growth of a continuous C 60 layer on top of the network, planarizing the film surface to prevent shorts. [8] We used OVPD to grow the crystalline network PV cells. Large nitrogen gas flow rates (150 sccm for CuPc and 100 for C 60 ) and low substrate temperatures (T sub = 4 ± 1°C) were used for the bottom and top continuous layers, resulting in a flat surface. Smaller nitrogen flow rates (20 sccm for both CuPc and C 60 ) and higher T sub (15 ± 1°C) were used to promote crystallization during the discontinuous layer growth. [15] The crystalline film texture of an OVPD-grown multilayer (grown by the process illustrated in Figure 1b , and described in the Experimental) is confirmed by transmission electron microscopy (TEM), X-ray diffraction (XRD) and atomic force microscopy (AFM), as shown in Figure 2 . A cross-sectional TEM image of [CuPc(6.1 nm)/C 60 (6.1 nm)] 10 is shown in Figure 2a. (Here, the notation [D(x nm)/A(y nm)] n refers to the thicknesses x, y of the D and A layers, respectively, and n is the number of DA pairs.) The CuPc and C 60 phases are similar to those observed in a crystalline bilayer film. [16] The C 60 phase has clearly ordered, close packed molecular planes, while the monoclinic CuPc lattice appears less ordered since the image is not taken along the projection of a single, crystallographic plane. [17] Both electron and X-ray diffraction confirm the existence of crystalline domains of CuPc and C 60 . Crystalline domain sizes range from 5 nm to 10 nm, similar to those found in homogeneous films of C 60 but smaller than ZnPc crystals obtained by thermal evaporation [18, 19] . We obtained similar TEM images of [CuPc(3.1 nm)/C 60 (3.1 nm)] 17 , where the crystallites are similar in shape but have slightly smaller sizes, as expected. High-angle annular dark-field images confirm the presence of CuPc aggregates, with sizes comparable to the domain sizes observed in Figure 2a . A selected-area electron diffraction (SAED) image of the same [CuPc(6.1 nm)/C 60 (6.1 nm)] 10 film in plan-view (Fig. 2b,  inset) shows diffraction spots corresponding to ordered domains of a-CuPc [20] and face-centered cubic (fcc) C 60 . [21] The crystallites have a similar size and distribution as those seen in cross-sectional view. The well defined diffraction spots indicate a high degree of crystalline order and orientation within the region of the probe beam. In addition, the XRD patterns of [CuPc(3.5 nm)/C 60 (3.5 nm)] 5 and [CuPc(1.9 nm)/ C 60 (1.9 nm)] 10 shown in Figure 2b , confirm the existence of a-CuPc in the two samples. No C 60 diffraction peaks can be identified in the scanning range owing to its large lattice constant (a = 14.16 Å). [21] These structural studies show that crystalline phases are obtained by alternating the growth of the D and A materials using OVPD, as opposed to amorphous CuPc:C 60 mixed films grown by co-evaporation [4] (bottom scan, Fig. 2b ), where the crystalline phase separation is limited. [4, 5, 18, 19, 22] As shown in Figure 2c , the surface morphology of the same [CuPc(6.1 nm)/C 60 (6.1 nm)] 10 film observed by AFM shows the crystalline texture with an rms roughness of 12.7 nm, reflecting the roughing effect (c.f. Fig. 1a ) caused by the crystallite growth over the ITO substrate whose rms roughness < 3 nm. The absorption spectra of the nanocrystalline films are fit to the linear sum of the neat CuPc and C 60 absorption spectra (a CuPc and a C60 , respectively). sions. Pure CuPc films have two peaks centered at wavelengths of k = 620 and 695 nm, corresponding to dimer and monomer absorption, respectively. [20] For amorphous CuPc:C 60 mixtures, the absorption at k = 695 nm is enhanced due to an increased intermolecular distance. [4, 22, 23] By comparison, the nanocrystalline layer peak at k = 695 nm is less pronounced than in the mixed film, implying the presence of a high density of CuPc crystallites (Fig. 3b) . [22] The asymmetry in the CuPc and C 60 absorption obtained in our fits may be an effect of differing crystal sizes for these two molecular constituents. We note that these crystalline structures are in a stable, rather than metastable, structures, as observed in annealed mixtures of CuPc and 3,4,9,10-perylenetetracarboxylic bisbenzimidazole (PTCBI). [24] Furthermore, compared to phaseseparated polymer cells prepared by annealing at 110-150°C, [3, 15] the small molecular weight films in our PV cells have high glass transition temperatures (> 400°C). Further phase separation of these cells is, therefore, not expected to occur under normal operating conditions and required operational lifetimes (10-20 years) of such devices. A series of CuPc(14.5 ± 0.2 nm)/[C 60 (3.2 ± 0.2 nm)/ CuPc(3.2 ± 0.2 nm)] n /C 60 (40.0 ± 0.5 nm)/BCP(10 nm)/Ag (BCP = bathocuproine) double heterojunction PV cells [25] were fabricated, where n ranged from 0 to 12. Here, BCP was used as an exciton blocking layer. The nominal thicknesses of the C 60 (3.2 nm)/CuPc(3.2 nm) multilayers were varied between 6.4 and 76.8 nm, keeping C 60 :CuPc = 1 for all samples. Hence, for n = 12, the total organic active film thickness was t = 141 nm, which exceeds t = 100 nm, typical of that of a conventional, bilayer small molecular weight cell. This in turn increases the optical absorption because of its exponential dependence on thickness (i.e., cell responsivity follows (1-exp[-at])), where a is the absorption coefficient of the organic material. Furthermore, the top C 60 layer is thicker than used in the optimized bilayer device, [25, 26] as necessary to planarize the rough film surface [8] (c.f. Fig. 2c ).
The dark current density-voltage (J-V) characteristics of all cells have rectification ratios > 10 4 at ± 1 V, as shown in Figure 4a. Fitting the forward J-V curves using the ideal diode equation [8, 26] yields the specific series resistance, R SA , as a function of the number of alternating DA pairs (and hence total active layer thickness) in Figure 4b . The bilayer (n = 0) cell has R SA = 0.5 X·cm , and then drops as n is increased further, owing to the high series resistance of the thickest cells with large and entangled crystalline networks. In the same figure, V OC increases from 0.44 ± 0.01 V in the bilayer cell (n = 0), and gradually increasing to 0.50 ± 0.01 V at n = 12. Finally, FF decreases slightly from 0.57 ± 0.01 at n = 0 to 0.56 at n = 6, and drops to 0.44 ± 0.01 at n = 12, once more reflecting the increase of resistance in the deepest stacks, as shown in Figure 4b . The external quantum efficiency (EQE) as a function of wavelength [27] is shown in Figure 5c . The EQE peak, centered between k = 430 and 470 nm, results from C 60 absorption, [28] whereas the peaks at k = 620 and 695 nm are due to CuPc absorption [4] (c.f. Fig. 3a) . As the number of C 60 /CuPc pairs increases from n = 0 to n = 6, the EQE increases rapidly, i.e., the k = 620 nm peak increases from 25 % to 76 %, and the peak at k = 450 nm increases from 22 % to 64 %, both showing a 3-fold increase with n. In fact, in a previously reported photodetector composed of continuous ultrathin (≥ 0.5 nm) CuPc/PTCBI multilayer stacks grown in vacuum, an EQE of up to 75 % was achieved at a reverse bias of -10 V. [29] In contrast to that device, the nanocrystalline solar cell with its en-tangled heterointerface shows the same large EQE at zero bias, implying success in achieving continous conductive pathways. The EQE decreases at larger n owing to a lower carrier collection efficiency resulting from increased resistance, possibly indicating that the percolating conducting paths formed by the network of nanocrystallites are interrupted by bottlenecks or islands. Note that the broad peak corresponding to C 60 absorption shifts to shorter wavelength as n increases, as a result of the optical field changes with the thickness. Previously, it was shown that the growth of an organized interdigitated DA interface results in a 2.7 times increase in efficiency in a CuPc/PTCBI solar cell [8] over its planar analog, but that architecture showed no improvement when the CuPc/C 60 system was used. [9] This lack of improvement was attributed to the long (∼40 nm) exciton diffusion length [2] in C 60 , which exceeded the interdigitated feature width. The CuPc/PTCBI cell characteristic diffusion lengths were < 10 nm, or half of the feature size, hence leading to the efficiency improvement observed. In contrast, the photoresponse of CuPc and C 60 in the nanocrystalline cells both increase by more than 3 times, suggesting that the high carrier mobility in the extended, percolating networks is primarily responsible for their improvement in efficiency. The power conversion efficiency, g p , is plotted as a function of n in Figure 5d . The photocurrent and power efficiencies of unpackaged devices were measured in air referenced to an NREL-calibrated Si detector. Here, g p = 1.4 ± 0.1 % in the bilayer device (n = 0) increases by a factor of 3, to a maximum of 4.4 ± 0.2 % at n = 6, corresponding to a total thickness of the nanocrystalline region of 38 nm, which is almost double the optimum thickness of a mixed CuPc:C 60 solar cell active region. [5] The efficiency rolls off to 2.1 ± 0.1 % at n = 12. The power efficiency of the unoptimized CuPc/C 60 bilayer control cell is consistent with that reported by other groups, [30, 31] although it is not as high as the best reported for planar cells using the same materials system grown by vacuum thermal evaporation. [26] The solar cell efficiency showed minor (∼ 5 %) degradation when exposed to ambient for 24 hours. By controlling the organic molecule crystallization conditions, we used OVPD to deposit an organic solar cell architecture incorporating an all-organic nanocrystalline network which has both a large DA HJ interface area favorable for exciton dissociation, and a large thickness for light absorption. [32] The crystalline order introduces only a small series resistance with increasing thickness, and our demonstration has resulted in a three-fold increase of efficiency over planar HJ controls in a one-to-one comparison. The solar cell active region thicknesses are > 100 nm, eliminating shorts commonly observed in thinner cells, while also increasing the active region thickness, leading to an exponential increase in light absorption. Furthermore, changing the nanocrystalline size, [8, 9] varying the DA ratio, [22] incorporating more than two molecular components to obtain broader coverage of the solar spectrum, and employing multiple cells in a tandem structure [18] may lead to even higher efficiencies. We emphasize that the devices reported here do not represent a practical demonstration, which would only be possible with large solar cell modules with long operational lifetimes. Rather, our work demonstrates that control of the fully organic nanostructure morphology leads to highly interconnected nanocrystalline networks that significantly improve both exciton dissociation and charge collection that have potential application to a new generation of solar energy conversion devices.
Experimental
The organic source material: CuPc, C 60 , and BCP were purified by gradient sublimation prior to use. The films were deposited on a 300 nm thick ITO-coated glass substrate (Nippon Sheet Glass Co.), precleaned with organic solvents and exposed to ultraviolet/ozone before loading into the OVPD chamber [8, 9] with a base pressure < 0.09 Torr. OVPD employed a continuous flow of purified N 2 through the organic source barrels regulated with mass flow controllers and a throttle valve. The substrate temperature T sub was kept constant at 15 ± 0.5°C for all growth. The conditions for the growth of the first CuPc continuous layer were: source temperature, T CuPc = 446 ± 1°C; N 2 flow rate = 150 sccm; reactor pressure P = 0.587 ± 0.001 Torr; and growth time t g = 1 min. The conditions for the last C 60 planarizing layer were: T C60 = 471 ± 2°C, N 2 flow rate = 100 sccm, P = 0.421 ± 0.001 Torr, and t g = 7 min. For the discontinuous CuPc and C 60 nano-crystallite growth the source temperatures were: T CuPc = 420 ± 1°C, T C60 = 463 ± 2°C, respectively. The thickness of each layer grown by OVPD is limited by quickly switching the carrier gas flow on and off through the two molecular source barrels (Fig. 1b, inset) . Constant N 2 flow at 20 sccm through the CuPc or C 60 molecular source barrels was used during deposition, with the same N 2 flow used for 9 s between the switching of C 60 and CuPc to minimize material mixing of the D and A molecules in the chamber prior to deposition.. The constant flow results in a stable pressure of 0.166 ± 0.007 Torr during the growth (see Fig. 1b) . In each C 60 /CuPc cycle, C 60 was deposited at a rate of 0.14 ± 0.01 nm s -1 and CuPc was deposited at a rate of 0.25 ± 0.01 nm s -1 , calibrated from previous growth runs where the product film thicknesses were measured using ellipsometry. Cone-shape stoppers were used at the barrel nozzle exit ports to prevent organics from diffusing into the chamber when the source flow is off. After CuPc/C 60 growth, the samples were transferred through a N 2 glove-box into a vacuum chamber where a 10 nm thick BCP layer, and the 100 nm thick Ag cathode were deposited using thermal evaporation at a pressure less than 4 × 10 -7 Torr through a shadow mask with an array of 1 mm diameter circular openings.
For the cross-sectional TEM, a 100 nm thick Au layer was deposited on top of the organic films to protect the organic during the thinning process. Two such pieces were glued together face-to-face. The sample was then ground, polished, and thinned to less than 100 nm by ion milling. A 200 kV JEOL JEM2010F STEM/TEM was used for high-resolution electron microscopy and high-angle annular dark-field imaging. SAED was used for plan-view organic films pealed off from the substrates. The SAED diffraction was calibrated to Au sample and the calculated lattice constants matches literature values with errors < 5 % for a-CuPc [33] and < 2.5 % for C 60 [21] . The absorption spectra were measured using a Perkin-Elmer Lambda 800 UV/vis spectrometer for samples grown on fused quartz substrates.
Solar cell performance was tested in ambient conditions in air without encapsulation. To measure the EQE, a monochromatic beam of light from a Xe-lamp was chopped at 400 Hz and focused to a spot on the 1 mm diameter device. The light intensity was measured using a NREL-standard calibrated Si solar cell, and photocurrent spectra were measured using a lock-in amplifier referenced to the chopper frequency [27] . The J-V characteristics and power-conversion efficiencies of the devices were measured using an Oriel 150 W solar simulator equipped with AM1.5G filters (Newport). We also checked the solar spectral mismatch factor, M, using AM 1.5G spectra, the simulation illumination spectra and the photoresponsivity of reference cell, yielding M ∼ 1. The difference between measured and spectrally corrected J SC are within the errors of our measurements.
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